Sainburg, Robert L. and Sydney Y. Schaefer. Interlimb differences in control of movement extent. J Neurophysiol 92: 1374 -1383 , 2004 . First published April 28, 2004 10.1152 /jn.00181.2004 . The current study was designed to examine potential interlimb asymmetries in controlling movement extent. Subjects made repetitive single-joint elbow extension movements while the arm was supported on a horizontal, frictionless, air-jet system. Four targets of 10, 20, 35, and 45°excursions were randomly presented over the course of 150 trials. For both arms, peak tangential hand velocity scaled linearly with movement distance. There was no significant difference between either peak velocities or movement accuracies for the two arms. However, the mechanisms responsible for achieving these velocities and extents were quite distinct for each arm. For the dominant arm, peak tangential finger acceleration varied systematically with movement distance. In contrast, nondominant-arm peak tangential acceleration varied little across targets and, as such, was a poor predictor of movement distance. Instead the velocities of the nondominant arm were determined primarily by variation in the duration of the initial acceleration impulse, which corresponds to the time of peak velocity. These different strategies reflect previously identified mechanisms in controlling movement distance: pulse-height control and pulse-width control. The former is characterized by a variation in peak acceleration and has been associated with preplanning mechanisms. The latter occurs after peak acceleration and has been shown to depend on peripheral sensory feedback. Our findings indicate that the dominant-arm system controls movement extent largely through planning mechanisms that specify pulse-height control, whereas the nondominant system does so largely through feedback mediated pulse-width control.
I N T R O D U C T I O N
Handedness is a prominent feature of human motor control that has been well described phenomenologically through the identification of tasks that are preferentially performed with one or the other arm (Oldfield 1971) . However, the neural mechanisms responsible for this behavioral asymmetry are not well understood. The most prevalent theory of motor lateralization suggests that preplanning and feedback mediated mechanisms are differentially controlled by each hemisphere. According to this open/closed loop hypothesis, preferential sensorimotor access of each arm to the contralateral hemisphere and thus to one or the other process, is thought to result in manual asymmetries. The term, "closed-loop," refers to mechanisms that are mediated by sensory feedback, whereas "openloop" refers to mechanisms that for any given movement, are not affected by feedback. However, open-loop mechanisms may be influenced through the feedforward use of sensory information obtained during previous movements. This hypothesis has emerged from studies comparing dominant and nondominant arm performance in healthy adults (Annett et al. 1979; Carson 1993; Mieschke et al. 2001 ) and has been supported by studies examining the ipsilesional arm in unilaterally brain damaged patients (Haaland and Delaney 1981; Harrington 1989a,b, 1996; Winstein and Pohl 1995) .
We have recently provided evidence for an alternative hypothesis of motor lateralization (Bagesteiro and Sainburg 2002, 2003; Sainburg 2002; Sainburg and Kalakanis 2000; Sainburg and Wang 2002) . The dynamic dominance hypothesis suggests that the dominant hemisphere/limb system is specialized for controlling limb trajectory, whereas the nondominant arm system appears specialized for controlling limb position or posture. This hypothesis emerged from studies demonstrating superiority of the dominant arm in controlling intersegmental dynamics as required for specification of hand trajectory during multijoint reaching movements (Bagesteiro and Sainburg 2002, 2003; Sainburg 2002; Sainburg and Kalakanis 2000; Sainburg and Wang 2002) . This idea is not contradictory to the open/closed-loop hypothesis, and the two ideas may actually express convergent perspectives of motor lateralization. Control of intersegmental dynamics is, in fact, largely dependent on anticipatory control mechanisms, which for any given trial, are mediated by open-loop mechanisms (Gribble and Ostry 1999; Sainburg et al. 1993 Sainburg et al. , 1995 Schneider et al. 1989; Smith and Zernicke 1987) . We have also reported evidence consistent with nondominant-arm superiority for somatosensory-based feedback-mediated control. In a number of studies, the nondominant arm showed greater final-position accuracy for reaching movements made without visual feedback (Bagesteiro and Sainburg 2002, 2003; Sainburg 2002; Sainburg and Kalakanis 2000; Sainburg and Wang 2002) . Because accuracy in final position is largely related to events occurring in the later phase of motion, when feedback mechanisms become available, these findings may be associated with an advantage for somatosensory-based, closed-loop control mechanisms. In fact, we recently showed that the nondominant arm is substantially more efficacious in somatosensory-based responses to unexpected inertial perturbations (Bagesteiro and Sainburg 2003) . Nevertheless, the roles of feedforward and feedback processes in limb-coordination asymmetries remain poorly understood.
We expect that if these differences in control are fundamental to motor asymmetries, they should not be limited to complex multijoint movements. Instead such differences should be apparent in single-joint-targeted motions. Rapid single-joint movements are typically associated with triphasic electromyographic (EMG) patterns that result in characteristic kinematic patterns that include a biphasic acceleration profile and a typically smooth unimodal velocity profile (Desmedt and Godaux 1977, 1979; Ghez 1979; Ghez and Gordon 1987; Gordon and Ghez 1984) . For movements made to different target amplitudes, the initial acceleration profile has been shown to correlate well with both peak velocity and movement amplitude (Ghez and Gordon 1987; Ghez and Vicario 1978; Gordon and Ghez 1984, 1987a; Gottlieb et al. 1990 ). The duration of the first acceleration pulse is typically fairly consistent, although it varies slightly with target and movement amplitude. This control pattern has been referred to as pulse-step control and has two components: pulse-height and -width, which refer to the peak and duration, respectively, of the initial acceleration pulse, force pulse, or first agonist EMG burst (Ghez 1979; Ghez and Gordon 1987; Gordon and Ghez 1984; Brown and Cooke 1981 , 1984 , 1986 , 1990 . Pulse-width control has been shown be substantially affected by peripheral sensory influences, such as force perturbations, whereas pulse-height control is resistant to such influences (Brown and Cooke 1981) . Because of this and because peak accelerations occur before peripheral feedback can affect force output, pulse-height control has been attributed largely to the preplanning of movement amplitude. Gordon and Ghez (1987b) have also shown that within a given isometric target, the duration of the force profile varied inversely with force amplitude. They proposed that pulse-width mechanisms, thereby, function to compensate inaccuracies in pulse-height control. These findings have recently been corroborated in a multijoint reaching task (Krakauer et al. 2002) . Taken together, these studies support a two-mechanism process for controlling single-joint movement amplitude: pulse-height and pulse-width control. The former results exclusively from preplanning, whereas the latter is substantially influenced by somatosensory feedback and can compensate for inaccuracies in the former.
The purpose of the current study is to examine interlimb differences in control of movement extent. According to both the open/closed-loop and the dynamic-dominance hypotheses, we expect the nondominant system to rely more heavily on pulse-width control, whereas the dominant system might show more reliance on pulse-height control. Alternatively, these mechanisms may not reflect interlimb differences in coordination associated with handedness. In this case, the previously identified interlimb differences in coordination may be specific to the multijoint-coordination requirements of the tasks studied.
M E T H O D S

Subjects
Eleven neurologically intact right-handed adults (3 males and 8 females) aged from 20 to 25 yr old, performed fast point-to-point single-joint elbow-extension movements. Only right-handers were recruited; handedness was determined using a 12-item version of the Edinburgh inventory (Oldfield 1971 ). The subjects gave informed consent prior to participation. Each subject performed two single 150-trial experimental sessions (1 with each arm). Five subjects performed with their left arm first (LR group) and the other six with their right arm first (RL group). Figure 1 illustrates the experimental setup. Subjects sat facing a projection screen with either the right or left arm supported over a horizontal table top, positioned just below shoulder height (adjusted to subjects' comfort), by an air-jet system, which reduces the effects of gravity and friction. A cursor representing finger position, a start circle, and a target were projected on a horizontal back-projection screen positioned above the arm. A mirror, positioned parallel and below this screen, reflected the visual display so as to give the illusion that the display was in the same horizontal plane as the fingertip. Calibration of the display assured that this projection was veridical. The upper arm and all joints distal to the elbow were immobilized using adjustable braces. This virtual-reality environment assured that subjects had no visual feedback of their arm during an experimental session. Movements of the trunk and scapula were restricted using a butterfly-shaped chest restraint. Position and orientation of the segments proximal and distal of the elbow joint were sampled using a flock-of-birds (FoB; Ascension-Technology) magnetic 6-df movement-recording system. A single sensor was attached to the upper arm segment via an adjustable plastic cuff, and another
Experimental setup
sensor was fixed to the air sled where the forearm was fitted. The sensors were positioned approximately at the center of each arm segment. The position of the following three bony landmarks was digitized using a stylus that was rigidly attached to a FoB sensor: index finger tip, the lateral epicondyle of the humerus, and the acromion, directly posterior to the acromio-clavicular joint. These positions relative to the sensors attached to each arm segment thus remained constant throughout the experimental session. As sensor data were received from the FoB, the position of these landmarks was computed by our custom software yielding the three-dimensional (3D) position of the index finger tip. Because the table surface defined our x-y plane, perpendicular axis displacement was constant. We, thus used the recorded x-y coordinates of the finger tip to project a cursor onto the screen. Screen redrawing occurred fast enough to maintain the cursor centered on the fingertip throughout the sampled arm movements. During the experiment, the light was turned off such that subjects were unable to view their arm. Digital data were collected at 103 Hz using a Macintosh computer, which controlled the sensors through separated serial ports and stored on disk for further analysis. Custom computer algorithms for experiment control and data analysis were written in REAL BASIC (REAL Software), C, and IgorPro (Wavemetric).
Experimental task
Prior to all trials, the index finger position was displayed in real time as a screen cursor. The shoulder position was restrained by a brace at 20°, while the shoulder-elbow angle (angle formed between upper arm and forearm) established the start and end locations of the movements. The start location was 80°, while the target locations were 90, 100, 115, and 125°; thus target positions required 10, 20, 35, and 45°of elbow extension, respectively (Fig. 2) . Although target positions were individually set for each subject according to elbow angles, the average Euclidean distances were 7, 13, 21, and 27 cm, respectively. All targets were displayed as 2.5 cm in diameter. Subjects were to hold the cursor within the starting circle for 200 ms to initiate each trial. They were instructed to move the finger cursor to the target using a single, uncorrected motion in response to an audiovisual GO signal. Feedback of the fingertip position (cursor display) was given to allow subjects to position the hand in the start circle and then was removed at the GO signal. Whereas subjects did not receive specific feedback about final position location, points were awarded based on distance between the final finger position and the center of the target. Final position errors of Ͻ2.5 cm were awarded 10 points, whereas errors between 2.5 and 3.5 cm were awarded 3 points and errors between 3.5 and 5 cm were awarded 1 point. Targets were presented in a pseudorandom order such that no single target was presented consecutively. The first 50 trials of each session were discarded to allow for task familiarity. Kinematic analysis was conducted on the following 100 trials.
Kinematic data
The 3D position of the index finger and elbow were calculated from sensor position and orientation data. Then joint angle was calculated from this data. All kinematic data were low-pass filtered at 8 Hz (3rd-order, dual-pass Butterworth) and differentiated to yield angular velocity and acceleration values. Each trial usually started with the hand at zero velocity, but small oscillations of the hand sometimes occurred within the start circle. In this case, the onset of movement was defined by the last minimum (Ͻ5% maximum tangential velocity) prior to the maximum in the index finger's tangential velocity profile. Movement termination was defined as the first minimum (Ͻ5% maximum tangential hand velocity) after the peak in tangential hand velocity. Elbow displacement and velocity were calculated from joint-angle data. Movement accuracy was measured as the final FIG. 4 . A: ensemble averaged tangential hand velocity (top) and acceleration (bottom) profiles for nondominant (gray) and dominant (black) arms of individual subjects as synchronized to peak acceleration. For display purposes, data have been synchronized to peak tangential acceleration (x ϭ 0). B: parametric measures of peak tangential hand velocity (left), peak tangential hand acceleration (middle), and time-to-peak tangential hand velocity (right) for nondominant (gray) and dominant (black) arms by target across subjects. 
Statistical analysis
The individual dependent measures used in this paper were analyzed using two-way repeated-measure ANOVA. The individual dependent measures used in this paper were analyzed using two-way repeated-measure ANOVA. The design was counterbalanced, such that 1/2 of the subjects performed first with the dominant arm, whereas the other 1/2 performed first with the nondominant arm. The two factors assessed were hand and target. Based on our design, we expected main effects for target. Our null hypothesis was that main effects for hand would not be significant, P Ͼ 0.05. Post hoc analysis was done using Tukey-Kramer analysis when warranted by significant main effects. We also conducted simple linear regression analysis for select sets of data using the linfit routine in Igor Pro (Wavemetrics). Comparison of correlation coefficients was done by converting r values to z scores (Fisher Transformation) and then averaging these scores. Mean z scores were then converted back into equivalent correlation coefficients and were compared using paired t-test. Figure 3 shows ensemble averaged hand paths separated by target and hand for a representative subject. Movements were generally well adapted to the amplitude of the targets and showed a tendency to overshoot, which was greater for the longer distance targets (Table 1) . The tendency to overshoot targets has previously been demonstrated for planar reaching movements made under low-friction conditions with no visual feedback (Ghez 1979; Sainburg 2002) . However, as shown in the inset of Fig. 3 , both arms showed comparable final-position errors across all subjects. Our ANOVA revealed no main effect for hand, nor interaction between target and hand (Table 1) . There was a tendency for the nondominant arm to overshoot target 3 more than the dominant arm (P Ͻ 0.05); however, both arms showed similar performances for the other targets. Overall, the hand-paths of both arms showed similar spatial profiles for this task. Figure 4A shows the ensemble averaged tangential hand velocity (top) and acceleration profiles (bottom) for individual subjects. Figure 4B shows parametric measures of peak tangential hand velocity, peak tangential hand acceleration, and time-to-peak tangential hand velocity separated by target and averaged across all subjects. Both dominant and nondominant arm trajectories show a strong scaling of peak tangential hand velocity with smaller movements averaging ϳ0.4 -0.45 m/s and the largest movements averaging ϳ0.9 -1.2 m/s. As shown in Fig. 4B (left), this scaling was consistent across both arms of all subjects. No significant main effect for hand occurred, but there was a main effect for target and an interaction effect (Table 2) .
R E S U L T S
Hand paths
Velocity and acceleration profiles
Whereas both arms showed similar scaling of peak velocities with target distance, the method of achieving these velocities was quite different for each arm. Figure 4A , bottom, shows the acceleration profiles that correspond to the velocity profiles (top). The characteristic unimodal velocity profiles were produced by biphasic acceleration profiles. As reported previously, the scaling of dominant arm velocity profiles with target distance is reflected by scaling of the first peak in the acceleration profile, a phenomenon termed "pulse-height" control (Brown and Cooke 1981; Ghez 1979) . Whereas the peak in tangential hand velocity reflects the area of the first acceleration pulse, the duration of this pulse is very consistent across target amplitudes. This is reflected by the near coincident peak velocities, and acceleration zero crosses, for all four movement amplitudes. Thus the width of the acceleration profile is nearly constant for the dominant arm, whereas the height varies with movement amplitude, a reflection of predominantly pulseheight control. In contrast, the nondominant arm shows an opposite pattern for the acceleration profiles. The initial peak in tangential acceleration is nearly constant across all four movement amplitudes, whereas the duration of the first acceleration pulse varies directly with the peak in tangential velocity. As a result, the time-to-peak tangential velocity varies directly with peak velocity. This is most easily observed by the increasingly rightward location of the larger velocity profiles in Fig. 4A  (top, left) and of the acceleration cross zero locations (bottom, left). Thus in contrast to the dominant arm, the nondominant arm system specified peak velocity primarily by varying the duration of the first acceleration pulse, a reflection of pulsewidth control.
The robust nature of this finding is demonstrated in the bar plots of Fig. 4B . Peak tangential velocity (left) shows a similar scaling across target amplitudes for both arms. No main effect of hand was revealed by ANOVA (Table 2) . However, peak tangential acceleration was quite different for the two arms. For the nondominant arm, very little variation of peak acceleration with target occurred. In fact, there was no significant main effect of target (P ϭ 0.23). However, for the dominant arm, substantial scaling of peak acceleration occurred with target as reflected by a main effect of target for this arm (P Ͻ 0.0001). Our ANOVA revealed a main effect for hand and interaction between hand and target for this measure (Table 3) . As discussed in the preceding text, the nondominant arm scaling of peak velocity with target occurred by scaling the duration, not the amplitude, of the acceleration profile. As a result, the nondominant arm showed, on average, an increase of near 100% [109 Ϯ 0.0096 (SD) ms] in time-to-peak velocity between targets 1 and 4. In contrast, the dominant arm showed less than a 60% change over the same targets. In both cases, a main effect for target occurred for each hand and an interaction between hand and target occurred (Table 4) . It should be noted that the duration of acceleration varied for both hands but much more so for the nondominant arm, whereas peak acceleration varied greater for the dominant arm. These findings indicate greater reliance on pulse-width control for the nondominant arm and on pulse-height control for the dominant arm.
The findings described in the preceding text imply that peak tangential acceleration, which occurred some 50 ms after (58 Ϯ 11 ms) movement onset, served as a reasonable predictor of movement distance for the dominant but not the nondominant arm. Figure 5A shows movement distance plotted as a function of peak tangential acceleration for both arms of a representative subject. As indicated by the figure, peak tangential acceleration is a relatively strong predictor of distance for the dominant arm (r 2 ϭ 0.59) but not for the nondominant arm (r 2 ϭ 0.11). This finding was significant across all subjects as indicated by Fig. 5A , inset, showing a comparison of correlation coefficients across subjects. These values were normalized for statistical comparison, which indicated highly significant differences between the limbs (P Ͻ 0.001).
Regardless of the poor correlation between movement distance and peak acceleration for the nondominant arm, peak velocity predicted movement distance well for both arms. In fact, as shown by Fig. 5B , inset, this prediction was better for the nondominant arm than for the dominant arm across all subjects (P Ͻ 0.005). This indicates that the pulse-width strategy employed by the nondominant arm was effective in producing peak velocities that were comparable to the dominant arm in relation to movement distance. As shown in Fig.  5C , time-to-peak velocity, or acceleration duration, predicted movement distance to a greater degree for the nondominant (r 2 ϭ 0.72) than the dominant arm (r 2 ϭ 0.23). This finding was significant across all subjects as indicated by the insert graph of normalized correlation coefficients (P Ͻ 0.01). As discussed in the preceding text, this suggests that the nondominant arm system utilized sensory feedback mechanisms to adjust the duration of the initial acceleration impulse so as to specify movement speed in accord with intended movement distance. In contrast, the dominant arm system specified distance primarily by adjusting the amplitude of the initial acceleration impulse.
D I S C U S S I O N
In this study, we examined interlimb differences in control of movement extent. Subjects made repetitive single-joint elbow-extension movements to each of four targets of 10, 20, 35, and 45°excursions. Both arms performed the task equally well as there was no significant difference between either peak velocities or movement accuracies. However, the mechanisms responsible for the different movement extents were quite distinct for each arm. For the nondominant arm, peak tangential acceleration varied little across target distances and, as such, was a poor predictor of movement distance. The peak velocities of the nondominant arm were determined primarily by variation in the duration of extensor accelerations. In contrast, for the dominant arm, peak tangential finger acceleration varied with movement distance, whereas the duration of the initial acceleration impulse remained fairly constant. Previous research on dominant-arm movements has indicated that these two processes represent independent neural mechanisms for control of movement distance (Brown and Cooke 1981 , 1984 , 1986 Ghez 1979; Ghez and Gordon 1987; Ghez and Vicario 1978; Gordon and Ghez 1984, 1987a,b) . Our current findings support this idea by showing that each arm system relies differentially on one or the other process to specify movement distance.
The dominant-arm dependence on pulse-height control is consistent with the hypothesis that the dominant control system is specialized for open-loop movement-planning mechanisms. The premise that pulse-height control represents open-loop processes is supported by two lines of experimental evidence. First, studies of load perturbations indicate that appreciable changes in force cannot occur at latencies less than 50 ms, roughly the time of peak acceleration in single-joint studies (Bagesteiro and Sainburg 2003; Bennett et al. 1994; Bizzi et al. 1978; Bock 1993; Brown and Cooke 1981; Shapiro et al. 2002) . Second, a number of studies have revealed that pulseheight control mechanisms are resistant to manipulations of sensory information prior to or during rapid single-joint movements (Brown and Cooke 1981 , 1984 , 1986 . When a force perturbation is applied to the stationary limb of an animal or human, the first measurable EMG response that produces substantial force is initiated at a latency of 30 -60 ms and has been referred to as the functional stretch reflex (FSR) (Evarts and Tanji 1974, 1976; Ghez and Shinoda 1978; Godaux and Desmedt 1979) . Similarly, when unexpected loads are applied just prior to an ongoing voluntary movement, load compensation responses begin some 50 -60 ms after the onset of movement (Bagesteiro and Sainburg 2003; Bennett et al. 1994; Bizzi et al. 1978; Bock 1993; Brown and Cooke 1981; Shapiro et al. 2002) . It should be emphasized that additional time is required for such changes in EMG to affect force and thus acceleration values (Zajac 1989) . These findings provide strong support to the idea that peak acceleration values, measured some 50 ms after movement onset, are unaffected by sensory feedback.
Previous studies that have directly examined pulse-height and -width control provide further support to the hypotheses that the former is a reflection of preprogrammed processes, while the latter largely reflects feedback-mediated events. Rapid, aimed, single-joint movements are typically produced with a characteristic triphasic EMG pattern (Day et al. 1983; Desmedt and Godaux 1979; Ghez 1979; Gordon and Ghez 1984) . During targeted isometric force pulses (Gordon and Ghez 1984, 1987a) and rapid elbow-joint movements (Brown and Cooke 1981 , 1984 , 1986 , the amplitude of the first agonist burst (AG1) corresponds to the amplitude of the initial acceleration peak or force, whereas the duration of the initial acceleration impulse, or time-to-peak force, varies with the duration of AG1 and onset of the antagonist muscle burst (ANT). In an elegant series of experiments, Brown and Cooke (1981 , 1984 , 1986 previously showed that the duration of AG1 and the onset of ANT can be affected by sensory feedback in the form of perturbations prior to or during movement onset. However, the amplitude of AG1 tends to be resistant to such peripheral influences (Brown and Cooke 1981) . These authors also showed that the duration of AG1 and onset of ANT continue to vary with movement amplitude in a proprioceptively deafferented patient, suggesting that pulsewidth control is at least partially mediated by open-loop mechanisms (Cooke et al. 1985) . Nevertheless, these studies support the hypothesis that pulse-height control is dependent on preprogramming, whereas pulse-width control can also be substantially influenced by feedback-mediated processes. Further supporting this idea, Gordon and Ghez (1987) showed that pulse-width control can serve as a mechanism for correcting inaccuracies in pulse-height control. In a targeted force-pulse task, for each single-target amplitude, force rise time varied inversely with computed initial "errors" in the rate of rise of force. When the slope of the force/time curve was too steep for the target amplitude, the timing of peak force was shortened, and when the slope was too shallow, the timing of peak force was prolonged. These findings have recently been supported in a planar reaching task (Krakauer et al. 2002) in which timeto-peak velocity was shown to vary inversely with peak acceleration. As a result, peak velocity remained fairly constant for a given target amplitude. Thus pulse-height and -width control appear to largely reflect the influence of open-and closed-loop mechanisms for controlling movement distance. Our current findings provide support for this model by demonstrating that the two arms rely differentially on one or the other process. In addition, our findings suggest specialization of the dominant hemisphere/limb system for pulse-height control and specialization of the nondominant system for pulse-width control.
Interlimb differences in open/closed-loop processing
The idea that the nondominant arm is specialized for feedback-mediated error-correction mechanisms has previously been proposed, although the effects of sensory feedback on dominant and nondominant arm performance have yielded conflicting results (Carson et al. 1990 (Carson et al. , 1992 (Carson et al. , 1995 Elliott et al. 1994; Flowers 1975a,b; Roy and Elliott 1986; Roy et al. 1994; Todor and Cisneros 1985) . For example, Flowers (1975a,b) and others (Carson et al. 1993a; Todor and Cisneros 1985; Todor and Doane 1977) suggested that manual asymmetries emerge from differences in the use of visual feedback that arise when the precision requirements of aiming tasks become high as reflected by the index of difficulty (ID) (see Plamondon and Alimi 1997) . However, conflicting interpretations developed from studies that failed to alter interlimb differences in accuracy by manipulating the visual feedback conditions of aimed movements (Carson 1992 (Carson , 1993 Carson et al. 1990 Carson et al. , 1993a Roy and Elliott 1986) . In contrast to feedback mechanisms, some authors have proposed a dominant arm/hemisphere advantage for movement planning, initiation, or sequencing (Annett et al. 1979; Carson et al. 1995; Todor and Kyprie 1980; Todor and Smiley-Oyen 1987) . Other studies have suggested a nondominant arm/hemisphere advantage for movement preparation based on left-hand advantages in reaction time (Carson et al. 1990; Elliott et al. 1993) . Thus the idea of differentiating dominant and nondominant arm control by open-or closedloop control mechanisms alone remains controversial. However, most of these studies used reaction time, peak speed, movement duration, and/or final position accuracy as dependent measures. It should be stressed that our current results show substantial interlimb differences in movement strategy, as revealed by the early phase of the acceleration profiles, with no significant differences in movement accuracy or speed. Therefore the seemingly equivocal results from many previous studies may be due to the dependent variables chosen, regardless of interlimb differences in control strategies.
Studies in unilateral brain-damaged patients have provided consistent and strong evidence to support an open/closed-loop hypothesis of hemispheric control. Haaland and colleagues (Haaland et al. 1977; Haaland and Delaney 1981; Haaland and Harrington 1989a ,b, 1996 Prestopnik et al. 2003 ) have used perceptual motor tasks, which require rapid reciprocal aimed movements between two targets that vary in size and/or target distance to examine movement deficits in the ipsilesional arm of stroke patients. These experiments have used horizontal movement in the ipsilesional hemispace with the ipsilesional arm in the stroke patients (e.g., right hemispace and arm for patients with right hemisphere damage) to rule out the confounding effects of motor weakness, visual field cuts, and visual neglect. Dominant hemisphere lesions produced deficits in the initial, ballistic component of movement but not in the later component (Haaland and Delaney 1981; Haaland and Harrington 1989a ,b, 1994 , 1996 Haaland et al. 1977; Prestopnik et al. 2003) . Patients with nondominant hemisphere lesions showed no deficits in this task. However, when the precision requirements of the task were increased, patients with nondominant lesions showed deficits in final position accuracy (Haaland and Delaney 1981; Haaland and Harrington 1989a ,b, 1994 , 1996 Haaland et al. 1977; Prestopnik et al. 2003; Winstein and Pohl 1995) . These results suggested that the dominant hemisphere is important for controlling rapid, ballistic components of movement that are more dependent on planning (open-loop), and the nondominant hemisphere is more important for the later movement component that is more responsible for response modification (closed-loop). Consistent with these findings, Winstein and Pohl (1995) showed that nondominant lesions produced slowing of the deceleration phase of motion, whereas dominant lesions produced slowing of the initial, acceleration phase of motion. Our current results support these findings, indicating a reliance of the dominant limb/hemisphere system on open-loop pulse-height control and a reliance of the nondominant system on closed-loop pulsewidth control. It should be emphasized that neurologically intact individuals utilize both mechanisms with each limb but seem to rely more heavily on one or the other, depending on the arm being used. Previous studies with stroke patients did not specifically examine pulse-height and -width control mech- FIG. 5 . A: movement distance as predicted by peak tangential hand acceleration of nondominant (gray circle) and dominant (black solid) arms for a representative subject. Inset: normalized mean r values for nondominant (gray) and dominant (black) across subjects. B: movement distance as predicted by peak tangential hand velocity of both arms for a representative subject. Inset: normalized mean r values for nondominant (gray) and nondominant (black) across subjects. C: movement distance as predicted by time-to-peak tangential hand velocity of both arms for a representative subject. Inset: normalized mean r values for nondominant (gray) and nondominant (black) across subjects.
anisms, and it thus remains to be determined whether these patients will show lesion specific deficits in these mechanisms.
Consistent with the idea that the nondominant hemisphere/ limb system is specialized for feedback mediated control, we recently provided strong evidence for nondominant arm advantages in somatosensory-based load-compensation responses (Bagesteiro and Sainburg 2003) . Subjects made repetitive 20°e lbow flexion movements while the arm was supported on a horizontal, frictionless, air-jet system. On random trials, a 2-kg mass was attached to the arm splint prior to the GO signal. Whereas muscle activity recorded prior to peak tangential hand acceleration was the same for loaded and baseline trials, substantial changes in muscle activity occurred after this point. In both limbs, the load-compensation response was associated with a reduction in extensor muscle activity, resulting in a prolonged flexor velocity phase of motion. For the nondominant arm, this resulted in effective load compensation, such that no differences in final position accuracy occurred between loaded and baseline trials. However, the dominant arm response also included a considerable increase in flexor muscle activity, which substantially prolonged the flexor acceleration phase of motion. As a result, the dominant arm overcompensated the effects of the load, producing a large and systematic overshoot of final position. These results indicated more effective load-compensation responses for the nondominant arm, supporting a specialized role of the nondominant arm/hemisphere system in closed-loop somatosensory-based mechanisms. Our current findings, indicating reliance on pulse-width mechanisms for controlling movement amplitude, are consistent with a nondominant arm specialization for feedback mediated control. These findings also may explain previous findings showing nondominant arm advantages in final position accuracy (Bagesteiro and Sainburg 2002; Sainburg and Kalakanis 2000; Sainburg and Wang 2002) . This is because final position achievement is largely dependent on deceleration mechanisms that emerge late in the movement, after feedback loops become available. These findings suggest that the open/ closed-loop and the dynamic-dominance hypotheses of motor lateralization are convergent ideas that might reflect differential specialization for open-loop trajectory-planning mechanisms and closed-loop control of final position.
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